Cellobiono-1,5-lactone (CBL) induces cellulase, particularly cellobiohydrolase I (CBH I) formation in Trichoderma reesei. When used as a sole source of carbon, it promoted comparably poor growth, because (a) the 6gluconolactone arising by the action of P-glucosidase is not metabolized by the fungus, and (6) it is a low-V,,, substrate of the T. reesei P-glucosidase. Induction of higher amounts of CBH I were observed when CBL was supplied as carbon source together with cellobiose than when supplied alone. Maximal CBH I levels formed under these conditions were comparable to those when T. reesei was grown on cellobiose plus 6-gluconolactone, an inhibitor of P-glucosidase. These data suggest an indirect effect of CBL on CBH I induction, probably by inhibiting cellobiose hydrolysis. The origin of CBL during growth of T. reesei on cellulose was also investigated: aldonic acids and aldonolactones were released from cellulose by T. reesei culture fluids. Artificially oxidized celluloses gave rise to the appearance of higher concentrations of oxidized products but the addition of cellobiose did not, suggesting that their appearance is not due to a cellobiose-oxidizing enzyme. No accumulation of oxidized cellooligosaccharides occurred when the action of both cellobiohydrolases (CBH I and 11) was simultaneously blocked by monoclonal antibodies. These data suggest that cellulose already contains oxidized chain termini, and that these aldonolactones and aldonic acids are released by the action of the two cellobiohydrolases and not by a 'celluloseoxidizing' enzyme.
Introduction
The mechanism by which cellulase formation is triggered by the presence of cellulose in the fungus Trichoderma reesei has recently become a major focus of research: the presence of extracellular cellulose is 'recognized' by conidial-surface-bound constitutive cellulases (Kubicek, 1987; Kubicek et al., 1988; El Gogary et al., 1989) , particularly cellobiohydrolase I1 (CBH 11) (Messner et al., 1991) , which carry out the initial attack on the cellulose molecule. The small amounts of degradation products arising thereby may then be taken up by the fungus and act as inducers of further cellulase formation .
However, the identity of the inducer(s) of cellulase formation is (are) still a matter of dispute; in resting cell systems, the disaccharide sophorose (glucosyl-P-l,2t Present address: Institut fur Medizinische Biochemie, Universitat Abbreuiurions: CBH I, 11, cellobiohydrolase I, I1 ; CBL, cellobiono-Wien, Wahringerstrasse 9, A-I090 Wien, Austria. 1 S-lactone. diglucoside) and the oxidized disaccharide cellobiono-1,5-1actone (CBL) were shown to be very potent inducers of cellulase formation in T. reesei (Mandels et al., 1962 ; Sternberg & Mandels, 1979; Iyayi et al., 1989) . The assumption that these components act as inducers during growth on cellulose was also supported by their detection in culture filtrates from the fungus (Mandels et al., 1962; Vaheri, 1982a, b) . The formation of sophorose by either the membrane-bound P-glucosidase (Umile & Kubicek, 1986) or the extracellular endoglucanase I (EG I, Claeyssens et al., 1990) has been demonstrated (Vaheri et al., 1979) . The origin of CBL, however, is so far unclear: neither cellobiose-nor cellulose-oxidizing enzymes from T. reesei have so far been reported. Since some oxidized cellulose ends occur naturally in cellulose (Schmidt, 1936) , an enzymic mechanism for CBL formation need not necessarily be postulated. The induction of an additional low percentage of oxidized end groups into cellulose increases its inductive effect on cellulase formation by T. reesei .
In the present paper we report results from investiga-0001-6890 O 1991 SGM tions, by which we attempted to find out (i) the origin of CBL formed during cellulose degradation and (ii) the mechanism by which it induces cellulase formation in T. reesei.
Methods
Organism. The fungal strain used throughout this study was T. reesei QM 9414, obtained from the American Type Culture Collection, Rockville, MD, USA (ATCC 26921). It was grown at 28 "C for 7 d on malt agar slants and thereafter kept at 4 "C and subcultured monthly.
Conditions of cultivation. T. reesei was cultivated in shake flasks on modified Mandels-Andreotti medium as described previously ), using ail carbon sources (autoclaved separately) at initial concentrations of 10 g 1-'. A volume of 200 ml medium in 1 litre Erlenmeyer flasks was used for cultivation on a rotary shaker (250 r.p.m., 28°C) for the time indicated in Results and Discussion.
Inhibitors were added 8 h after inoculation as concentrated, membrane-filtered (0.22 pm) solutions to give final concentrations as specified in Results and Discussion.
For resting cell cultivations, T. reesei was pregrown on glycerol medium and then transferred to the replacement medium lacking nitrogen (and therefore not enabling growth). The entire procedure has been described in detail previously (Kubicek, 1987) .
Antibody blocking experiments.
To block the action of CBH I and I1 during incubation of mycelia or culture filtrates of T. reesei with cellulase, antibodies against both enzymes (CH-5 and CE-16, Mischak et al., 1989 ; purified according to Johnston & Thorpe, 1987) were added as follows: to 2 ml portions of culture broth (or filtrate, as specified) pregrown on lactose for 96 h, 100 pl (containing 1 mg IgG) of both antibodies was added. After 1 h incubation, 10 mg Avicel powder was added, and incubation continued with agitation (50 r.p.m., 30 "C) for 16 h. Broth was then centrifuged (10000 g, 4 "C, 15 min) and the supernatant directly used to assay aldonic acids and aldonolactones. To remove antibodies from the cellulose and cellulose plus mycelia, the debris after centrifugation was first incubated in 1 % (w/v) bovine serum albumin in 50 mM-sodium phosphate buffer, pH 6.0 (1 h, 30 "C), followed by three washes (15 min each) with 0.5 M-NaCI in 50 mMsodium phosphate buffer, pH 6.0, and finally two washes (1 5 min each) with 50 mM-sodium phosphate buffer, pH 6.0. Freshly harvested culture supernatant (1.5 ml), obtained as described above, was added, mixed, and incubation continued for a further 8 h. Aldonolactones and aldonic acids were then quantified in the supernatant.
Determination oJ'.fungal dry weight.
Appropriately sized samples of the culture broth were filtered on previously tared sintered funnels (G 1 porosity), washed first with 3 vols tap water, then with distilled water, and dried to constant weight at 110 "C. The biomass yield coefficient ( YX,J is defined as g biomass dry weight obtained per g carbon source consumed. For quantifying biomass in the presence of cellulose, total mycelial protein was extracted and assayed as described by Fritscher et al. (1990) .
Immunological quantijication of CBH I formation. CBH I was assayed by a dot-blot technique, using the monoclonal antibody CH-5 , as described by John et al. (1984) .
Analytical methods.
To measure sugars and sugar acids chemically, 20 ml portions from the culture filtrate were lyophilized, then taken up in 0.5 ml distilled water and centrifuged in an Eppendorf centrifuge. Total reducing sugars were then determined by the 3,5-dinitrosalicylic acid (DNS) method (Miller, 19591 , and total carbohydrate was assayed by the phenol/sulphuric acid method (Dubois et al., 1956) . Glucose and gluconolactone plus gluconic acid were assayed enzymically using commercial test kits (Boehringer) according to the supplier's instructions. Total aldonolactones and aldonic acids were quantified as described by Bruchmann et al. (1987) .
Enzyme assays. Cellulase activity was assayed by measuring 'filter paper activity' as described previously (Kubicek et al., 1988) . p-Glucosidase activity was assayed as described by . For both enzymes, 1 unit (U) indicates the release of 1 pmol glucose min-* under these conditions. To measure the hydrolysis of cellobiose specifically in the presence of CBL, the amounts of glucose, 6-gluconolactone and gluconic acid formed were determined enzymically. A value corresponding to the sum of gluconic acid and 6gluconolactone was then deducted from the glucose value to calculate the release of glucose specifically from cellobiose. Both p-glucosidase preparations were free of glucose oxidase activity (unpublished data).
Purijication of p-glucosidases from T. reesei.
The extra-and the intracellular p-glucosidases from T. reesei were purified as described by Hofer et al. (1989) .
Results and Discussion

Metabolism o j C B L in T. reesei and relationship to CBH Iformation
It has previously been shown that CBL promotes the synthesis of cellulases by T. reesei when added to cultures growing on cellulose (Bruchmann et al., 1978) or to resting mycelia (Iyayi et al., 1989) . In order to learn about the mechanism of this effect, we carried out some investigations on the metabolism of CBL by the fungus. T. reesei was able to use CBL as a carbon source for growth, although the molar biomass yield ( Yx,,) was only about half of that for cellobiose or glucose (Table 1) . When 8-gluconolactone was the only carbon source in the medium, no biomass formation was observed. This observation suggests that the low yield was due to the use of the glucose moiety in CBL only. This assumption was supported by the finding of b-gluconolactone and gluconic acid, but no glucose, in the medium (Fig. 1) . Furthermore, equimolar ratios of glucose and 8-gluconolactone at a total concentration similar to CBL gave a similar biomass yield (Yx,,) as CBL.
The rate of growth on CBL was markedly lower than that on cellobiose or glucose, and also lower than on a mixture of glucose and b-gluconolactone (Table 1) . This suggests that either hydrolysis or uptake of CBL may limit the growth rate of T. reesei. In order to distinguish between these two possibilities, we incubated washed mycelia of T. reesei with CBL in the presence and absence of various concentrations of the P-glucosidase inhibitor nojirimycin at pH 3, 4 and 5 (Fig. 2) . Nojirimycin inhibited CBL uptake incompletely. The data therefore suggest that the first steps in CBL metabolism proceed simultaneously via hydrolysis and uptake. From the extrapolation of the nojirimycin titration graph (Fig. 2) it appears that the uptake rate is of the same order as that of cellobiose , i.e. about 0.1 pmol min-l (g dry weight)-'. The activity of P-glucosidase, however, was apparently much lower (2.3 and 0.38 for cellobiose and CBL, respectively).
In order to relate metabolism of CBL to its ability to induce cellulase formation, CBH Ithe major cellulase of T. reesei (Enari & Niku-Paavola, 1987 ) -was quantified immunologically in samples from corresponding culture filtrates (Table 1) however, there was only a low amount of CBH I detectable in culture filtrates from CBL-grown T. reesei. Highest amounts of CBH I were found in cultures grown on cellobiose plus either CBL or 8-gluconolactone. These findings suggest that the inductive action of CBL is related to its effect on cellobiose metabolism rather than to its action as an inducer.
CBL as a substrate of T. reesei P-glucosidases
The results described above show that CBL may serve as a substrate of both the extracellular as well asafter uptakethe intracellular P-glucosidases (Inglin et al., 1980) from T. reesei. We have shown that T. reesei can be induced by cellobiose to form CBH I, if P-glucosidase is simultaneously inhibited by nojirimycin. As shown above, the addition of b-gluconolactonea reputed inhibitor of P-glucosidasesto cellobiose-grown mycelia also promoted CBH I biosynthesis. In order to support the assumption that inhibition of P-glucosidase may also be the basis for the 'inducing effect' of CBL, its ability to serve as a substrate and inhibitor for the T. reesei Pglucosidase was investigated ( Table 2) : it is clear that CBL is a substrate for which f3-glucosidase has, in comparison to cellobiose, a high affinity but a very low activity. No significant differences in this respect were observed between the two enzymes. The data described in this study confirm earlier studies of this enzyme from V,,,,, is expressed in U (mg protein)-' and K,,, other organisms (Dale et al., 1985) . CBL produces a characteristic competitive type of inhibition of cellobiose hydrolysis with a corresponding Ki of 27 f 6 p~. These data suggest that CBL may stabilize the internal cellobiose pool during growth on cellulose, or resemble a gratuitous inducer when added alone to resting mycelia.
CBL released from cellulose induces cellulase formation in T. reesei
Native cellulose is known to contain minor amounts of carboxyl groups located at the reducing ends of the cellulose chains (Schmidt, 1936; Vaheri, 1982a, b) . Since CBH I and I1 split cellobiose units from the non-reducing ends (Enari 8z Niku-Paavola, 1987) , CBL may be released into the culture liquid by their action. Fig. 3(a) shows the accumulation of total aldonolactones and aldonic acids as well as reducing sugars during cultiva- tion of T. reesei on Avicel cellulose. In accordance with earlier studies by Vaheri (19826) we find a ratio of reducing sugars to aldonic acids of roughly 8 : 1 during the early stage of cultivation; the release of both substance groups appeared to decrease as cultivation commenced. This may either be the result of inhibition of their formation by products formed, or be due to the increased amount of biomass already formed which can degrade both components at an increased rate. In order to test these two possibilities, the experiment was repeated with the culture supernatants only (Fig. 3 b) . As is demonstrated clearly, the absence of mycelium leads to the accumulation of increased amounts of reducing sugars, but only to a comparably low amount of aldonolactones or aldonic acids. Based on the rate of formation of reducing sugars, the release of oxidized compounds accounts for only 0.3 % of total material from cellulose, which may well be due to a release of oxidized end groups already present in the cellulosic substrate.
In order to find out whether these oxidized products could be involved in the induction of cellulases by T. reesei, we first compared the accumulation of lactones from two cellulosic substrates carrying different amounts of oxidized end chains . In accordance with these earlier results, the higher oxidized cellulose (0.2% of additional oxidized end groups) promoted increased CBH I formation. This was paralleled by increased amounts of oxidized degradation products accumulating in the medium (Fig. 4 a ) . In a second experiment we added CBL at different times and different concentrations to a 7'. reesei culture growing on Avicel cellulose. As shown in Fig. 4 (b) , concentrations of CBL roughly resembling those observed during degrada- tion of oxidized celluloses resulted in further stimulation of CBH I formation.
CBL is released from cellulose by CBH I and II
The origin of CBL, found in T. reesei culture fluids, has so far not been clarified. While cellobiose-oxidizing enzymes have been detected in several fungi (Westermark & Eriksson, 1975; Morpeth, 1985;  Coudray et a[., 1982; Dekker, 1982) , their presence in T. reesei has so far not been reported. Therefore we added low concentrations
(1-5 m M ) of cellobiose to 7'. reesei growing on Avicel, but no increase in the concentration of aldonic acids or aldonolactones in the medium could be monitored (data not shown). We thus concluded that the cellobiose released from cellulose is not converted to CBL by T. reesei. Hence, its occurrence in culture filtrate must be due to release from cellulose. In order to find out how CBL is formed from cellulose, we made use of the availability of monoclonal antibodies against the two major cellulases, CBH I and I1 : the simultaneous addition of these two antibodies to mycelial cultures of T. reesei growing on cellulose, as well as to culture supernatants incubated with Avicel, inhibited the formation of aldonolactones and aldonic acids. Since these antibodies are specific for CBH I and 11, we conclude that CBL found in the culture fluid during cellulose degradation originates from cellulose directly and not from the oxidation of cellobiose or other cello-oligosaccharides.
In order to find out whether the appearance of CBL is due to the release of naturally oxidized cellulose chains or to a cellulose-oxidizing enzyme from T. reesei, we incubated culture filtrates of T. reesei for 16 h with Avicel cellulose in the presence of antibodies against CBH I and 11. The cellulose was then washed extensively as described in Methods, and supplied as a substrate for hydrolysis by a new batch of cellulases in the absence of antibodies. The rationale behind this approach was that if there is a 'cellulose oxidase' present, oxidation should take place while cellulase activity is blocked by the antibodies; hence, subsequent enzymic cellulose hydrolysis should release an increased amount of oxidized products. The corresponding results did not support the presence of a cellulose oxidase in T. reesei culture filtrates, since comparable amounts of total lactones and lactonic acids were observed (4.6 and 4.9 pg ml-I, respectively, after 48 h). Similar experimens using T. reesei mycelia instead of culture filtrates for the antibodyblocked stage provided consistent results. Hence, such an enzyme is either absent from T. reesei, or it exhibits a very low activity and contributes little to the origin of oxidized degradation products. Veness & Evans (1989) recently showed than an enzyme preparation of T. reesei released, among other components, minor amounts of gluconic and glucuronic acid lactone from Avicel cellulose, most probably by peroxide free radical attack. However, the results from our experiments, that addition of CBH I and I1 antibodies also stopped the oxidation of cellulose, do not support this view. Based on the evidence from the present paper, the oxidized components found in culture filtrates of T . reesei growing on cellulose (Vaheri, 1982a, b) are not due to an oxidative activity or agent formed by this fungus.
We must note that these results do not rule out the existence of a 'short fibre generating activity', as shown by Vaheri (1982a, b) and Krull et al. (1988) , which requires oxygen or oxidative conditions. This work was supported by Fond zur Forderung Wissenschaftlicher Forschung, P 723 1 BIO. The generous gifts of oxidized cellulose by D. Seethaler and of nojirimycin by S . Inouye are gratefully acknowledged.
